Dimethyl ether (DME) is a widely used industrial compound, and Shell developed a chemical EOR technique called DMEenhanced waterflood (DEW). DME is applied as a miscible solvent for EOR application to enhance the performance of conventional waterflood. When DME is injected into the reservoir and contacts the oil, the first-contact miscibility process occurs, which leads to oil swelling and viscosity reduction. The reduction in oil density and viscosity improves oil mobility and reduces residual oil saturation, enhancing oil production. A numerical study based on compositional simulation has been developed to describe the phase behavior in the DEW model. An accurate compositional model is imperative because DME has a unique advantage of solubility in both oil and water. For DEW, oil recovery increased by 34% and 12% compared to conventional waterflood and CO 2 flood, respectively. Compositional modeling and simulation of the DEW process indicated the unique solubility effect of DME on EOR performance.
Introduction
The performance of hydrocarbon gas and CO 2 injection for EOR has been actively studied on both field and laboratory scales for decades (Fassihi and Gillham 1993; Talbi et al. 2008; Hu et al. 2015) . Moreover, the application of solvents, such as isopropyl and methyl alcohols, for EOR has been studied (Gatlin and Slobod 1960; Taber et al. 1961) . Recently, dimethyl ether (DME) was investigated as a potential solvent for EOR. DME, a well-known industrial chemical used as a fuel additive and aerosol propellant, has recently been used as a replacement for transport, cooking, and heating fuels (DME Handbook 2007; Chernetsky et al. 2015) . In recent years, DME has been considered as a solvent for EOR. In particular, Shell has studied and developed this process (Chernetsky et al. 2015; Groot et al. 2016; Parsons et al. 2016) . DME is often compared to LPG due to their similar physical properties; however, the solubility of DME in water is almost 1000-fold greater than that of propane (Parsons et al. 2016) .
However, only a few experimental studies have examined the effect of DME on the EOR process, and a compositional simulation model has not yet been developed. DME is applied to conventional waterflood because of its high solubility in the oleic phase and its dissolution in water. DME is a first-contact miscible solvent with reservoir oil and is also partially soluble in water because of its polarity, l ¼ 1:3 D, where l is the dipole moment and D is the Debye unit where 1 D is 10 -18 electrostatic units of charge times centimeters (Nelson et al. 1967 ). After conventional waterflood, residual oil remains in the pores due to the poor mobility of oil. Injected DME becomes miscible with residual oil, which causes oil viscosity reduction and swelling, leading to improved mobility. DME remaining in the oil phase after flooding can be extracted by chase water, which provides an economic benefit from re-injection of chase water. Back-recovered DME in chase water not only allows re-injection, but it acts as a carrier to improve oil mobility near the producer that was not affected by the initial DME injection. DME-enhanced waterflood (DEW), indicated in Fig. 1 , has a totally different transport mechanism compared to water and other gas flooding due to the unique characteristics of DME. For an accurate description of the DEW process to forecast recovery performance, a compositional simulation model was developed. Based on the simulation study, improvement in displacement efficiency by DEW was estimated in terms of oil viscosity reduction and the swelling effect. Moreover, analysis was performed for the effect of the water solubility of DME on the transport mechanism.
Numerical simulation

Fluid modeling
Weyburn reservoir fluid data were used for the compositional simulation. The fluid properties, calculated through a regression process to match the experimental data, are compared with actual fluid data in Table 1 (Srivastava et al. 2000) . The Peng-Robinson (PR) equation of state (EOS) (Peng and Robinson 1976; Robinson and Peng 1978) , implemented in Winprop software, was applied to calculate the fugacity of components in the oil and gas phases and to determine DME solubility and phase behavior of the fluid model with the reservoir oil and injected fluid. The PR EOS is given by
or in terms of Z factor:
The EOS constants for pure components are given by
where X Oil swells/viscosity drops Mobilization of oil/DME mixture Chase water/recovery of DME Fig. 1 Visualization of the DEW process on reservoir and pore scales (Chernetsky et al. 2015) 
where mixing rules are used for the multicomponent fugacity expression as follows:
where k ij are binary interaction parameters.
All PR EOS components of DME were gathered from a literature reference (Ganjdanesh et al. 2016) . It was assumed that the gaseous, oleic, and aqueous phases were in thermodynamic equilibrium. To calculate the fugacity of DME in the aqueous phase for DME solubility in water, Henry's law was used (Li and Nghiem 1986) :
where H i is Henry's constant of component i; and y iw is the mole fraction of component i in the aqueous phase. The following equation was then used to calculate Henry's constants at other pressures:
where H Ã i is Henry's constant for component i at reference pressure p Ã and temperature T; and v i is the partial molar volume of component i. These values were obtained from a literature reference (Sander 2015) . All fugacity values gained from PR EOS and Henry's law determined not only phase behavior, but also DME solubility in oil and water phases.
The general equation for calculating the interfacial tension (IFT) consists of the molar density of liquid (q L ) and vapor (q V ), and parachor (p ar ) (Reid et al. 1977) :
For multicomponent systems:
where
where MW i is the molecular weight of component i. The Pedersen viscosity correlation of a mixture is calculated according to the following formula (Pedersen and Fredenslund 1987) :
where l is viscosity; T c is the critical temperature; P c is the critical pressure; MW is the molecular weight; a is the rotational coupling coefficient; and the subscripts ''mix'' and ''o'' refer to the mixture and reference substance.
The critical pressure and temperature of the mixture are calculated by mixing rules with PR EOS, and the molecular weight of the mixture is gained from the following equation:
where MW w is the weight-average molecular weight; MW n is the mole-average molecular weight; and q r is the reduced density of the reference substance. Coefficients b i were matched to experimental data of viscosity (Table 1) . Oil composition and properties of each component are shown in Table 2 , and the binary interaction coefficients are shown in Table 3 . Also, PVT properties of the Weyburn fluid and CO 2 mixtures at 145°F are present in Table 4 .
Reservoir modeling
The GEM compositional simulator, developed by Computer Modeling Group (CMG), was used for numerical simulation. The reservoir model size was 310 ft Â 10 ft Â 10 ft, and it was a homogeneous 1-D model to focus on the transport phenomenon during DEW. Therefore, oil recovery was governed only by the effect of mobility improvement by DME injection and solubility in oil and water. The reservoir had mixed-wet conditions, and the relative permeability curve was obtained from a literature reference (Fig. 2, Fazelipour 2011) . Conventional water (Model 1) and CO 2 (Model 2) flood models were baseline cases. After the reservoir was waterflooded for three years, DME was injected for one year and then freshwater was chased. The model had two scenarios that either considered water solubility (Model 3) or did not consider water solubility (Model 4). For comparison, LPG, which is the first-contact miscible with hydrocarbon, was injected instead of DME flood (Model 5). Although the molecular weight of DME is similar to that of LPG, it has advantages of re-injection and low cost with high efficiency due to chase water solubility.
The initial reservoir conditions and operating conditions are listed in Table 5 (Fazelipour 2011). 3 Results and discussion
Displacement efficiency
When CO 2 is injected into a reservoir, it causes oil viscosity reduction and oil swelling to improve displacement efficiency. However, for stronger effects, the reservoir pressure should be higher than the minimum miscibility Table 3 Binary interaction coefficients N 2 CO 2 H 2 S C 1 C 2 C 3 DME C 4 C 5 C 6-9 C 10-17 C 18-27 C 28? pressure. For DME injection, the first-contact miscibility occurs under the reservoir conditions. The first-contact miscibility had occurred because the interfacial tension (IFT) was continuously zero during production. In contrast, the minimum IFT was about 5 dyne/cm during multiple contacts between CO 2 and reservoir oil (Fig. 3) . Figure 4 indicates that the oil viscosity during DEW was lower than that during CO 2 flooding throughout the reservoir. The oil viscosity was more highly reduced by CO 2 near the injector, to 0.9 cP. The reduction was much more effective using DME with a minimum value of 0.1 cP, and the amount was comparable to the effect with LPG because they both have similar characteristics except water solubility. In the middle of the reservoir, the oil viscosity decreased to 0.87 cP with multiple contact between oil and continuous injected CO 2 , in contrast, it did get to 0.55 cP with DME. For continuous CO 2 injection, the oil viscosity reduced to 0.9 cP near the producer, and it was less effective than with DME, which reduced to 0.7 cP. Although LPG had a similar effect to DME near the injector, it had less effect because it could not be carried to reach the producer. The oil swelling effect followed the same trend as the viscosity reduction. DME caused oil swelling, resulting in an oil volume increment, such that the oil density reduction was much greater than that of CO 2 Interfacial tension, dyne/cm
Model 3 (DME with solubility) Fig. 3 Interfacial tension between injected fluid and reservoir oil at the middle of the reservoir Petroleum Science (2018) 15:297-304 301 injection (Fig. 5) . At a density of 50.9 lb/ft 3 for original oil, the minimum oil density was 49.9 lb/ft 3 for CO 2 flood and 46.1 lb/ft 3 for DME injection.
3.2 Water solubility effect DME remaining in residual oil after DME injection was recovered by chase water because of its solubility in the aqueous phase. After all of the DME was extracted by freshwater injection, the components of residual oil returned to the initial state, as the oil viscosity and density reverted to the initial values. In contrast, CO 2 can dissolve only in light to intermediate components, resulting in higher viscosity and density of residual oil than the initial values (Figs. 4, 5) . Fresh chase water became saturated by DME and contacted oil that was not saturated with DME from the initial injection. The chase water acted as a DME carrier to reduce the oil viscosity to a greater extent than those of Models 4 and 5 near the producer because LPG does not dissolve in water (Fig. 4) . Figure 6 shows the mole fraction of DME in the oil phase near the injector and producer. In results of Model 4, DME dissolved to a much greater extent near the injector than near the producer because it did not reach the producer in sufficient quantity. However, the mole fraction of DME in the oil phase near the injector was reduced to zero by chase water; as it was carried to the producer, an increase in DME mole fraction near the producer occurred in the solubility case of Model 3. The increased DME concentration near the producer started to decrease due to continuous contact with freshwater, which reflects the production of DME accompanied by chase water.
Oil recovery
Results of oil recovery with various flooding models are compared in Fig. 7 . The oil recovery from Models 1 and 2 was 59% and 68%, respectively, and the recovery with Model 4 was 75, which is 27% higher than that of Model 1. Considering the water solubility effect, the recovery of Model 3 increased by 5% over Model 4 to 79%, which is 34% higher than that of conventional waterflood. At the first stage of DME injection, because of DME solubility in connate water, the oil recovery with Model 3 was lower than that of Model 4 from 2002 to 2004. The oil recovery of Model 3 became higher from 2004 due to oil mobility improvement near the producer. Model 5, with LPG injection instead of DME, followed a similar trend to Model 4 because LPG solubility in water is almost zero.
Conclusions
DME injection leads to oil viscosity reduction and oil swelling, resulting in improved oil mobility. A compositional simulation model has been developed to forecast the performance and to determine transport mechanisms with water-soluble DME during the DEW process. DME remaining near the injector after injection was extracted by chase water, which acted as a DME carrier to improve oil mobility near the producer. For the model considering water-soluble DME (Model 3), the oil viscosity near the injector was reduced to 0.75 cP, which is 56% lower than results from the model not considering water solubility (Model 4). Higher oil recovery up to 79% was obtained 
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Model 3 (DME with solubility) near the injector Model 3 (DME with solubility) near the producer Model 4 (DME without solubility) near the injector Model 4 (DME without solubility) near the producer from the water-soluble DME model compared with the model without water solubility, suggesting that the compositional model without consideration of water-soluble DME could underestimate performance of the DEW process. The developed model was shown to be useful in simulations of transport mechanisms of DEW, which were totally different from conventional water and CO 2 flooding.
